Background: Healthcare-associated infections caused by Pseudomonas aeruginosa are associated with poor outcomes. However, the role of P. aeruginosa in surgical site infections after colorectal surgery has not been evaluated. The aim of this study was to determine the predictive factors and outcomes of surgical site infections caused by P. aeruginosa after colorectal surgery, with special emphasis on the role of preoperative oral antibiotic prophylaxis.
Background
Currently, surgical site infections (SSIs) are the most frequent healthcare-associated infections (HAI) in acutecare hospitals in Europe and the US, accounting for 20% of all HAIs [1] . The development of an SSI lengthens patients' hospital stay and increases readmission and mortality rates 2-11 times [2] . In particular, colorectal surgery is associated with high rates of SSI due to increased possibility of contamination during the procedure, although findings of SSI rates from studies considerably vary due to differences in the surveillance criteria used and the quality of data collection [3, 4] .
Pseudomonas aeruginosa is one of the main causes of HAIs worldwide. Overall, it is considered to be the fourth leading cause of HAIs [1] ; P. aeruginosa is frequently detected in patients with serious underlying conditions, and is associated with poor prognosis and high mortality [5] . Therapeutic options for P. aeruginosa infections are limited due to its intrinsic resistant pattern and its capacity to develop multiple drug resistance, necessitating the second-order or multiple antibiotic treatment [6, 7] .
Despite the prevalence of SSIs among HAIs [1] , the risk factors for P. aeruginosa in intraabdominal SSIs have not been examined in detail. Given the high frequency of elective colorectal surgery and the potential serious outcomes associated with P. aeruginosa infections, it is essential to determine the predictive factors of P. aeruginosa SSIs after colorectal surgery. The aim of this study involving a large, multicenter, prospective cohort of patients undergoing elective colorectal surgery was to identify specific predictive factors of P. aeruginosa SSIs, with special focus on the role of preoperative oral antibiotic prophylaxis, in order to propose specific preventive measures and appropriate empirical antibiotic treatment.
Methods

Setting and study patients
This was an observational, prospective cohort study of 3701 consecutive patients (age ≥ 18 years) who underwent elective colorectal surgery between January 2011 and December 2014 at 10 Spanish hospitals belonging to the VINCat Program [8] . VINCat is an HAI surveillance program based on the National Healthcare Safety Network (NHSN) model [9] . According to this program, hospitals submit information regarding patients' demographics and comorbidities, procedure characteristics, microbiological and treatment data, as well as 30-day postoperative outcomes [10] . Post-discharge surveillance of SSIs until 30 days after surgery is mandatory and consists of a review of the electronic clinical records in primary and secondary care, checking of readmissions and emergency visits, and reviewing microbiological and radiological data [11] . For the purpose of this study, data prospectively collected from patients undergoing elective colorectal surgery and who developed SSI caused by P. aeruginosa and by other aetiologies were analysed. Patients with pre-existing infection at the surgical site at the time of surgery were excluded from the surveillance.
Study variables
Variables included in this study are described elsewhere [12] . These variables included age, sex, American Society of Anesthesiologists' (ASA) physical status, administration of mechanical bowel preparation (MBP), oral antibiotic prophylaxis (OAP), surgical risk index category based on the National Nosocomial Infections Surveillance (NNIS) modified system criteria [13] , adequacy of the intravenous antibiotic prophylaxis, length of surgery (prolonged surgery was considered as the duration of surgery ≥75th percentile of the procedure), laparoscopic surgery, wound classification, date of SSI, site of infection (superficial and deep incisional SSI or organ-space (OS)-SSI, underlying disease (including neoplasia, inflammatory bowel disease and others), microbiology, and antibiotic treatment. Age, ASA score, and NNIS modified risk index were dichotomized for the analysis.
Study outcomes included duration of antibiotic treatment, length of stay (LOS), overall readmission, and overall mortality within 30 days of initial surgery. Readmission, if any, was included in the LOS.
Definitions
SSIs were defined according to the Centers for Disease Control and Prevention (CDC) [14] into incisional (superficial and deep) and OS, and were stratified into categories of surgical procedures (− 1 to 3) according to the risk of surgical infection as defined by NHSN. Superficial and deep incisional SSI were considered together because the nature and management of these two types of infection is similar, in contrast to OS-SSI, which significantly differs. SSI due to P. aeruginosa was defined as the isolation of this microorganism from surgical samples.
The NNIS modified risk index predicts the risk of SSIs in colorectal surgery and range from − 1 to 2, depending on the presence of one or more of the following factors: ASA score III-V (1 point), contaminated or dirty-infected surgery (1 point), length of surgery ≥75 th percentile of the procedure (1 point), and laparoscopic surgery (− 1 point) [15] . This risk was calculated for all patients in our cohort.
The intravenous antibiotic prophylaxis included secondgeneration cephalosporin plus metronidazole administration, in accordance with the last consensus international guidelines on antimicrobial prophylaxis [16] . The treatment was deemed adequate, only when the antibiotics were administered according to the local protocol at each hospital, if the infusion was completed within 60 min of the surgical incision, and perioperative redosing administered (if indicated).
Administration of oral antibiotics in 2-3 doses a day before surgery was considered as OAP. In addition, patients received MBP and the intravenous antibiotic prophylaxis mentioned above. The use of OAP was not mandatory but based on the local protocol at each hospital. OAP included a combination of aminoglycoside (neomycin 1 g, gentamicin 80 mg, or kanamycin 1 g) with 1 g of metronidazole or 1 g of erythromycin [17] .
The initial antibiotic treatment was either empirical or targeted, depending on the availability of microbiological sensitivity tests. The type and duration of antibiotic therapy was decided by the attending surgeon according to the local protocol. Source control was defined as any procedure which resolved the infection focus or repaired anatomical derangements. It was classified as reoperation when a new surgical procedure was performed, regardless of whether drainages were inserted or not. Drainage was considered when percutaneous or transrectal drainage was performed.
Treatment failure was defined as the persistence of clinical and/or radiological symptoms/signs of SSIs or all-cause mortality evaluated at 30 days post initial surgery.
Microbiological studies
Surgical samples were collected in most patients (533/ 669) with suspected SSIs, and blood cultures were performed when indicated by the attending physician. Polymicrobial infection was defined as isolation of ≥2 microorganisms in surgical samples; however, with ≥3 microorganisms isolated, identification was not performed.
The microdilution method, according to the Clinical Laboratory Standard Institute (CLSI) guidelines, was used to test and interpret antibiotic susceptibility [18] .
Multidrug-resistant phenotypes were screened according to the CLSI recommendations [19] and characterized by PCR and DNA sequencing. The multidrug-resistant gram-negative bacteria suspected were: (i) extendedspectrum beta-lactamase (ESBL)-producing Enterobacteriaceae; (ii) carbapenemase-producing Enterobacteriaceae; and (iii) multidrug-resistant strains of P. aeruginosa, resistant to at least three of the following classes of antibiotics: carbapenems, ureidopenicillins, cephalosporins (ceftazidime and cefepime), monobactams, aminoglycosides, or fluoroquinolones.
Statistical analysis
Categorical variables were described as totals and frequencies while continuous variables were described as medians and interquartile ranges (IQR). Univariate analyses comparing patients with SSIs caused by P. aeruginosa and patients with SSIs caused by other microorganisms were performed using the chi-square test or Fisher's exact test for categorical variables and the Mann-Whitney U test for continuous variables. A multivariate logistic regression analysis which included statistically significant and clinically relevant variables in the univariate analysis was performed to determine independent predictive factors of P. aeruginosa SSI. A p value of < 0.05 was considered to be statistically significant. Results were given as odds ratios (OR) and 95% confidence intervals (95% CI). The final model's goodness-of-fit was assessed by the Hosmer-Lemeshow test. Data were analyzed using the IBM SPSS 20.0 (Chicago, Ill., USA).
Results
Over the entire study period, 3701 patients were enrolled, and 669 (18%) developed SSIs. Of the 669 SSIs, there were 62 (9.3%) P. aeruginosa SSIs, 29 incisional SSIs, and 33 OS-SSIs. The number of P. aeruginosa SSIs remained stable over the 4-year study period, as shown in Fig. 1 . Table 1 .
Microbiological features
The comparison between patients with SSIs caused by P. aeruginosa and those with SSIs caused by other microorganisms is shown in Table 2 . Of the 62 P. aeruginosa SSI cases, two had concomitant bacteremia (one case of P. aeruginosa and Bacteroides fragilis, and one of Bacteroides spp). The SSIs caused by P. aeruginosa were more frequently polymicrobial (67.7% vs 33.4%, p < 0.001, OR 4.2, 95% CI 2.39-7.30) and less frequently accompanied by gram-positive organisms (16.1% vs 29.2%, p = 0.02, OR 0.4, 95% CI 0.23-0.94) than SSIs caused by other microorganisms. Multidrug-resistant P. aeruginosa was detected in three cases (4.8%). There were no differences in the number of multidrug-resistant Enterobacteriaceae isolated between patients with P. aeruginosa SSIs and those with SSIs due to other organisms.
Treatment
Among patients, 19 (65.5%) of 29 patients with P. aeruginosa incisional SSIs received antibiotic treatment, while all 33 patients (100%) with P. aeruginosa OS-SSIs received antibiotics. The initial antibiotic management of P. aeruginosa SSIs is shown in Table 3 . Empirical treatment had a median duration of 10 (IQR 6-16) days and was switched to a targeted treatment in 33.3% of cases. In 13 cases (28.8%), there was no further treatment after empirical antibiotic. Targeted treatment, either initial or after the empirical regimen, had a median duration of 11 (IQR 7-18) days. Of the 33 patients with Table 4 . There was no difference in the mortality rate between the two groups.
Predictive factors
Multivariate logistic regression analysis of predictive factors for P. aeruginosa SSIs based on significant factors at the univariate analysis level is shown in Table 5 . ASA 
Discussion
To the best of our knowledge, this is the first study to identify the clinical characteristics and risk factors of P. aeruginosa SSIs in a large cohort of patients undergoing elective colorectal surgery. The main findings are that NNIS modified risk index and OAP are associated with the risk of development of SSIs caused by P. aeruginosa. Majority of the patients in our cohort had colorectal cancer. The intestinal microbiota of these patients present specific characteristics, showing an increased proportion of gram-negative bacteria, especially Enterobacteriaceae [20, 21] . However, P. aeruginosa does not seem to play a relevant role in the intestinal microbiota of patients, even with colorectal cancer. For this reason, we did not expect to detect a high rate of P. aeruginosa SSIs; however, we observed a rate of almost 10% in our cohort. A partial explanation could be that the systemic antimicrobial prophylaxis produced a selective antibiotic pressure leading to overgrowth of P. aeruginosa. Furthermore, tissue trauma and blood loss following a major surgery as well as the use of drugs (such as opioids) are associated with significant loss of diversity and abundance of the gut normal microbiota. This leads to an increase in the number and virulence of low-abundance collagenase-producing intestinal microorganisms, such as Enterococcus faecalis or P. aeruginosa, which may favor SSI and ileus by modulating the immune response of the host [22, 23] . OAP has been associated with good postoperative outcomes, nevertheless, the underlying changes in the gut microbiota are not completely known.
Previous studies have reported rates of P. aeruginosa SSI similar to those observed in the present study, despite the differences in patient characteristics (including emergency surgery, intensive care unit admission, and prior use of broad-spectrum antibiotics) [24, 25] . Patients with P. aeruginosa SSIs in our cohort had higher ASA score and NNIS risk index, longer duration of surgery, and lower levels of OAP. The study conducted by Montravers et al. [26] , which involved more than 300 patients with community-acquired and nosocomial intraabdominal infections, revealed that P. aeruginosa was more frequently isolated in nosocomial cases (in more severely ill patients).
It should be noted that P. aeruginosa SSIs were more frequently polymicrobial in nature than SSIs caused by other organisms, as previously observed [24, 25] . It is possible that the interaction of P. aeruginosa with other gram-negative bacteria led to this clinical impact. We observed a very low rate of multidrug-resistant P. aeruginosa, explained by the short hospital stay of patients before surgery and the absence of prior long-term antibiotic therapy.
Among patients with P. aeruginosa SSIs, the most frequently used empiric antibiotic treatment failed to target the organism. This suggests that the attending physicians might not have considered Pseudomonas as the causative agent. The role of the empiric antibiotic treatment in the outcome of patients with intraabdominal infections has been widely discussed [24, 26] ; however, as we noted previously [12] , it is generally accepted that the control of the source of infection is the cornerstone of management in severe cases [27, 28] . Most patients with P. aeruginosa OS-SSIs in our cohort underwent source control. Patients with P. aeruginosa SSIs had a longer antibiotic treatment, higher treatment failure, and longer hospitalization than patients with SSIs caused by other organisms. This reinforces the idea that P. aeruginosa affects patients with more serious underlying diseases and implies worse prognoses. However, we did not observe differences in mortality rates between patients with P. aeruginosa SSIs and SSIs caused by other organisms, probably due to our low overall mortality rate, neither did they observe differences, in studies previously cited [24, 26] . As reported previously, treatment failure among patients with the most serious SSIs in our cohort was not associated with any microbiological etiology, including P. aeruginosa [12] .
The administration of OAP was a strong protective factor against the development of P. aeruginosa SSIs. Two previous outstanding studies [29, 30] based on the large American College of Surgeons National Surgical Quality Improvement Program (ACS-NSQIP) database, showed a significant decrease in the rates of postoperative incisional SSI, anastomotic leakage, ileus, and 30-day mortality in patients undergoing elective colorectal procedures who received MBP and OAP (compared to patients who had received MBP or OAP alone, or those who had not received any preparation). We also showed a reduction in the OS-SSI rate with the use of MBP combined with OAP [31] . Some authors have however suggested the same benefit in the use of OAP without MBP [32] , but this need to be validated in further large multicenter randomized controlled trials.
The most appropriate combination of oral antibiotics has not been clearly stated. In our study, the most frequently used aminoglycoside was neomycin, since its poor absorption in the digestive tract allows all its effects to be concentrated in the intestinal lumen. This specific characteristic, which also rules it out for the treatment of systemic infections, may justify its good activity against P. aeruginosa. Although the use of OAP in elective colorectal surgery has been recommended in recent World Health Organization guidelines [33, 34] , many hospitals have abandoned this practice over the last decade since MBP has been shown to be ineffective [35] . Since OAP is administered together with MBP, the use of OAP was also abandoned. Although evaluation of OAP was not an objective in our study, our results reinforce the use of OAP combined with MBP in reducing P. aeruginosa SSI rates.
This study has some limitations. First, the hospitals in our study differed in terms of size, characteristics, levels of activity, and type of preoperative oral preparation. As previously mentioned OAP was not administered in a uniform manner but according to local protocols that did not depend on the baseline characteristics of patients. However, all hospitals followed the VINCat recommendations and CLSI microbiological guidance. Second, because of the nature of our study, we could not exclude bias related to risk factors not included in the study. However, the large number of patients and the consistent collection of the data by expert infection control staffs, support the results.
Conclusions
SSIs due to P. aeruginosa after elective colorectal surgery mainly occur in patients with a high NNIS risk index and in those who do not receive OAP. We recommend empirical antibiotic treatment covering the multi-susceptible P. aeruginosa in more severely ill patients who develop SSIs but do not receive OAP. We observed worse outcomes in patients with P. aeruginosa SSIs, as demonstrated by the need for longer antibiotic treatments, higher treatment failure, and higher LOS. Further studies are needed to prove the effectiveness of OAP in the prevention of P. aeruginosa SSIs after colorectal surgery. 
